In herpesviruses and many bacterial viruses, genome-packaging is a precisely mediated process fulfilled by a virally encoded molecular machine called terminase that consists of two protein components: A DNA-recognition component that defines the specificity for packaged DNA, and a catalytic component that provides energy for the packaging reaction by hydrolyzing ATP. The terminase docks onto the portal protein complex embedded in a single vertex of a preformed viral protein shell called procapsid, and pumps the viral DNA into the procapsid through a conduit formed by the portal. Here we report the 1.65 Å resolution structure of the DNA-recognition component gp1 of the Shigella bacteriophage Sf6 genomepackaging machine. The structure reveals a ring-like octamer formed by interweaved protein monomers with a highly extended fold, embracing a tunnel through which DNA may be translocated. The N-terminal DNA-binding domains form the peripheral appendages surrounding the octamer. The central domain contributes to oligomerization through interactions of bundled helices. The C-terminal domain forms a barrel with parallel beta-strands. The structure reveals a common scheme for oligomerization of terminase DNA-recognition components, and provides insights into the role of gp1 in formation of the packaging-competent terminase complex and assembly of the terminase with the portal, in which ring-like protein oligomers stack together to form a continuous channel for viral DNA translocation.
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terminase | DNA-packaging | oligomer | bacteriophage | protein:DNA interaction I n many tailed double-stranded DNA (dsDNA) bacteriophages and herpesvirus, the newly synthesized viral DNA in the infected host cell is present as a concatemer that is comprised of multiple copies of unit-length genome. The concatemeric DNA is packaged into a preformed capsid precursor termed procapsid through a channel formed by a portal protein complex embedded in a unique vertex of the procapsid (1) (2) (3) (4) (5) . The DNApackaging process involves a precisely coordinated sequence of molecular events, driven by a molecular machine called terminase consisting of two proteins: A DNA-recognition component and a catalytic component, also known as the "small" and "large" subunit, respectively. The terminase specifically binds to concatemeric viral DNA through the DNA-recognition component and cleaves it using the catalytic component, generating a new terminus for the DNA. This terminus is threaded through the portal protein channel embedded in the procapsid, and the catalytic component pumps the DNA into the procapsid in an ATP-dependent manner. When an appropriate amount of DNA is inserted, the terminase cuts the DNA again, dissociates from the procapsid, and can start the next cycle of DNA-packaging. Many of these features in DNA-packaging are also shared by adenoviruses (6) . The x-ray structures of the catalytic component from bacteriophage T4 and the portals from various phages were previously described (7) (8) (9) (10) . However, it is not known how the terminases are assembled and how they interact with the portals and procapsids.
The terminases of many tailed dsDNA bacteriophages and herpesviruses contain protein components that are responsible for selection of viral DNA for packaging by recognizing sequence-specific motifs on viral DNA called packaging signals. These DNA-recognition components are small proteins of ∼140-210 amino acid residues in tailed bacteriophages, whereas they are large proteins with ∼700-900 amino acid residues in herpesviruses, which presumably encode additional biological functions such as interactions with other viral or host factors (11) . The terminase DNA-recognition components of bacteriophages T4, T7, SPP1 and P22 have been reported to form oligomers (12) (13) (14) (15) (16) . In bacteriophage lambda, the two components of terminase, gpNu1 and gpA, formed heterooligomers (17) . Formation of oligomers has been shown to be critical for the function of the DNA-recognition components (15, 18) .
Bacteriophage Sf6 is a member of the Podoviridae family of tailed dsDNA bacteriophage and an evolutionarily close relative of bacteriophage P22 (19, 20) . Sf6 infects Shigella flexneri, an important human pathogen that can cause acute diarrhoea and bacillary dysentery. Sf6 is of particular interest because of its ability to alter the host's serotype and virulence by changing host lipopolysaccharide structure via horizontal gene transfer (21) . The Sf6 terminase consists of the DNA-recognition component gp1 and the catalytic component gp2 (19) . Here we present the atomic structure of the terminase DNA-recognition component gp1 of bacteriophage Sf6 at 1.65 Å resolution. To our knowledge, this is the first atomic structure for any full-length terminase DNA-recognition component. The structure shows a ring-like molecular assembly suited to mediating protein:protein and protein:DNA interactions in formation of the packaging-competent terminase complex and terminase:portal assembly, indicating a central role of gp1 in initiation and progression steps of serial viral DNA-packaging.
Results
Overall Structure of gp1. The 140-residue gp1 overexpressed in E. coli shows a major peak in size-exclusion chromatography, corresponding to the molecular mass of an octamer (Fig. S1 ). This oligomer sometimes remains stable in SDS-PAGE (Fig. S1 ). Negative staining electron microscopy of purified gp1 showed ring-like particles with an approximate outer diameter of 80 Å (Fig. 1) . The purified gp1 was crystallized into the space group P42 1 2 with unit cell dimensions of a ¼ 88.9 and c ¼ 72.6 Å.
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The structure was determined at 1.65 Å resolution using multiwavelength anomalous dispersion phasing (Table S1 ). The structure shows a ring-like octameric assembly (Fig. 2) . The eightfold rotational axis of the octamer is coincidental with the crystallographic c axis, and the crystallographic asymmetric unit contains two gp1 molecules. Residues 10-139 and 10-132 are modeled for the two molecules respectively. The gp1 monomer displays a highly extended conformation, beginning with a compact DNA-binding domain (see below in Section gp1:DNA Interaction) formed by three N-terminal α-helices, followed by two long antiparallel α-helices in the central domain that pack against each other, and a lengthy C-terminal region that reaches as far as 40 Å away (Fig. 2, Fig. S2 ). This C-terminal region consists of two tandem β-strands separated by a 3 10 helix. While all the other helices are nearly ideally straight, the longest helix α4 (residues 54-76) is bent significantly by ∼45°.
The overall gp1 octameric assembly resembles a vase with a wider body formed by the two long α-helices, a narrower neck formed by interweaved C-terminal β-strands, and eight peripheral appendages each formed by the N-terminal DNA-binding domain (Fig. 2) . The assembly shows a diameter of 99 Å and a height of 66 Å. The outer diameters of the bottom end of the body and the top end of the neck are 40 and 48 Å, respectively. The eight monomers are closely packed, and as much as 26% of the total solvent accessible area, or 1; 928 Å 2 , is buried for each monomer. Extensive intermolecular interactions contribute to the formation of the assembly, through bundled helices α4 and α5 in the central domains and a β-barrel formed by the C-terminal domains. The helix α5 from one molecule packs against a crevice formed by helices α4 and α5 from the neighboring molecule ( Fig. 3) , forming a three-helix bundle, and this helix bundling is mediated by intermolecular interactions of an array of hydrophobic residues F72, I75, F76, A79, A82, A86, V89, V96, L103 and A104 from the first molecule and residues A87, L94, W101 and M106 from the second. Three pairs of electrostatic interactions between acidic residues E73, D80, and D113 from the first molecule and arginine residues 67, 99, and 105 from the second, respectively, also contribute to the intermolecular interactions. The C-proximal β-strands form a second nexus of interactions that hold up the assembly (Fig. 3 ). These β-strands form a substructure reminiscent of β-barrels in many integral membrane proteins such as bacterial porin (22) . Nevertheless, unlike the antiparallel β-strands in typical β-barrel structures, the β-strands in the gp1 assembly are parallel. The N-terminal DNA-binding domain participates minimal interactions with neighboring molecules, with only a hydrogen-bond between the carboxyl oxygen atom of S27 from one molecule and the side chain amino group of residue K43 from the second molecule. Thus, the DNA- binding domains appear to be hanging at the periphery of the whole assembly, supported by the long curved helix α4.
Architecture of the Channel in the gp1 Assembly. The eight copies of gp1 molecules form a ring-like architecture that embraces a continuous channel throughout the whole assembly (Fig. 4) . The inner surface of the channel is dominated by side chains of positively and negatively charged residues including D97, D113, R93, K100, and R105, as well as hydrophobic residues A86, A90, L94, and W101 in the body region and V115, L119, I127, and I129 in the neck region. The channel in the gp1 assembly can be apparently divided into two segments: A wider part in the body region and a narrower part in the neck region. The diameter of the channel in the body region ranges from 17 Å near the bottom opening to 27 Å at the widest position (Fig. 4) . In a related bacteriophage SPP1, the modeled dodecameric portal protein complex showed a channel with a narrowest inner diameter of 18 Å (10). The overall diameter of the channel in the body region nicely accommodates a B-form dsDNA (Fig. 4) , suggesting that the channel is involved in DNA translocation. The two constrictions, one near the bottom opening formed by side chains of residues A86 and the other formed by side chains of residues R93, must closely interact with translocating DNA (Fig. 4) .
The channel in the neck region formed by the gp1 C-terminal domain is significantly narrower, with an overall inner diameter of ∼10 Å (Fig. 4) . The sharp transition between the wider body channel and the narrower neck channel is made by residues 107-112, which form a short α-helix ( Fig. 4 ; helix α6 in Fig. 2 ). It was reported that the C-terminal region of phage lambda terminase DNA-recognition component gpNu1 interacted with the terminase large subunit (23) . This implies that the neck region may undergo conformational change upon molecular association with the terminase large subunit such that the narrow channel in this region is widened for DNA translocation, which may serves as an additional regulatory mechanism.
Gp1:DNA Interaction. A large region of ∼1; 800 bp in Sf6 genomic DNA that encompasses gp1-and a part of gp2-coding sequences was implicated to harbor the packaging signal (19) . To characterize the binding of gp1 to the viral genomic DNA, we performed electrophoretic mobility shifting assay using the DNA corresponding to the region in the Sf6 genome that encodes gp1 and gp2 (the gp1-gp2 coding DNA). The assay shows a hierarchical mode of interactions between gp1 and the DNA (Fig. 5A) . Three bands are visible, which may correspond to three species of nucleoprotein complexes formed by gp1 and DNA. When increasing the gp1 concentration, species a and b become less abundant, whereas species c becomes more abundant (Fig. 5A , lanes 3 to 6) and is dominant at higher concentration of gp1 (Fig. 5A , lane 6). Gp1 also binds to nonspecific DNA (Fig. S3) , as was observed in other phage terminase small subunits including lambda gpNu1, T4 gp16, and P22 gp3 (12, 24, 25) . However, gp1 binding with nonspecific DNA showed a relatively smeared band (Fig. S3 ) and didn't show the characteristic three bands as in binding with the gp1-gp2 coding DNA.
This pattern of retardation behavior, that is, presence of multiple bands in electrophoretic mobility shift assay, is reminiscent of the terminase DNA-recognition subunit gpNu1 of bacteriophage lambda (24) , for which three gpNu1-binding sites were identified nearby the gpNu1-coding region in the phage DNA (26) . Thus, it's likely that there are multiple gp1-binding sites on the gp1-gp2 coding DNA, which results in multiple species of nucleoprotein complexes, and gp1 binds to these sites hierarchically in a way similar to lambda gpNu1.
The structure of the isolated N-terminal 68-residue DNAbinding domain of the bacteriophage lambda terminase DNArecognition component gpNu1 was determined by NMR, showing that the α helix (residues 17-27) and the wing (residues 31-39) in the winged helix-turn-helix motif of gpNu1 were the structural determinants for phage lambda DNA-recognition (27) . To understand the DNA-recognition mechanism of gp1, we performed three-dimensional structure alignment between the DNA-binding domains of gp1 and gpNu1. The overall folds of the structures are readily superimposable (Fig. S4) . The α-helix (residues 17-27) and the wing (residues 31-39) in the winged helixturn-helix motif of gpNu1 that were implicated in phage lambda DNA-recognition was aligned with α1 (residues 16-26) and the loop composed of residues 37-42 in gp1, respectively (Fig. S4 ). This suggests that helix α1 and the loop of residues 37-42 are directly involved in gp1:DNA interaction.
We manually superimposed a dsDNA onto the gp1 assembly by maintaining the typical scheme of interactions between DNA and a winged helix-turn-helix motif (Fig. 5B, C) . The DNA fits nicely into an intermolecular crevice formed by two adjacent DNAbinding domains. The helix α1 of gp1 fits into the DNA major groove, with side chains of residues D19, D20, and S23 pointing into the DNA major groove, which may directly contact the bases of the DNA and be responsible for specificity of gp1:DNA-recognition. Positively charged residues K59, K62, K33, and R37 from two flanking regions make electrostatic interactions with the DNA backbone phosphate (Fig. 5B) . A K59E mutant of gp1 failed to bind to DNA (Fig. S3 ), supporting this model and confirming that the N-terminal domain of gp1 is directly involved in DNA-binding. Positively charged residues K43, R48, and K52 from the adjacent gp1 molecule appear to make additional electrostatic interactions with the DNA backbone, helping hold the DNA in place (Fig. 5B) .
Discussion
Oligomerization of the Terminase DNA-Recognition Components. The Sf6 gp1 structure shows a ring-like octameric assembly. The central domain contributes to formation of the oligomer through bundling of helices from adjacent monomers. The C-terminal domain of gp1 forms a β-barrel, also contributing to assembly of the octamer. DNA-recognition components of terminase from phage T4 (12), T7 (16), SPP1 and a related Bacillus phage (28) , and P22 (13, 25) all formed oligomers as deduced from biochemical or electron microscopic analysis, although oligomerization states ranged from octamer to decamer. In addition, a phage lambda in vitro packaging-competent complex formed by the small subunit gpNu1 and the large subunit gpA displayed a 8∶4 stoichiometry, suggestive of a gpNu1 octamer (29) . Analysis of primary sequences and structure prediction identified coiled-coil motifs in several terminase DNA-recognition components (15) , and it was demonstrated that oligomerization through coiled-coil motifs was required for function of the DNA-recognition component of phage T4 (15) . In particular, gpNu1 of phage lambda was predicted to contain two consecutive coiled-coil motifs with high probability in approximate ranges of residues 50-75 and 85-110 (15) , which match well with the two long helices α4 and α5 in the present structure of Sf6 gp1 in terms of their lengths and their relative positions in the polypeptides (Fig. S2) . Part of the first coiled-coil motif in gpNu1 (residues 50-75) showed partially mobile helical structure in the NMR studies (27) , which is close to the long helix α4 in gp1 in our superimposition of the two DNA-binding domains (Fig. S4) and could extend into a longer helix that is involved in oligomerization. Thus, the ring-like oligomerization through helix bundling as observed in the present Sf6 gp1 structure may represent a common structural scheme in terminase DNA-recognition components. It is worth pointing out that this similarity in three-dimensional structures for terminase DNA-recognition components may not be apparent at the primary sequence level, as analysis of the Sf6 gp1 primary sequence only showed a weakly probable coiled-coil region in gp1 at residues 48-68 (Fig. S5) , and inspection of the gp1 sequence didn't identify apparent heptad repeats. Indeed, these terminase DNA-recognition components show very low sequence identity. For example, the sequence identity of Sf6 gp1 with lambda gpNu1, T4 gp16, and P22 gp3 are 16%, 11%, and 15%, respectively. These indicate that the structural and functional relationships among these proteins are better understood at the three-dimensional level. The Sf6 gp1 structure shows an octamer. Nevertheless, no direct structural data are available for any terminase holoenzyme that includes both small and large subunits, or in complex with the portal or procapsid. Thus, further studies are required to reveal the stoichiometry of in vivo oligomers of terminase DNA-recognition components, which could vary among different phages as shown in heterologously expressed and purified proteins (see above).
Gp1:DNA Interaction and Formation of a Ternary Prepackaging Complex. The Sf6 gp1 octamer presents eight DNA-binding domains at the periphery, indicating a capability of simultaneously binding to multiple sites on DNA. The electrophoretic mobility shifting assay of Sf6 gp1 with gp1-gp2 coding DNA showed multiple species of nucleoprotein complexes, which was not observed in gp1 binding with nonspecific DNA. The observed DNA-binding can largely be nonspecific DNA-protein interactions in view of high concentrations of protein used in the assays, and further analysis is required to define the nature of these complexes at the molecular level. Nevertheless, resemblance of these observations with those of lambda gpNu1 (24) favors a model in which gp1 can simultaneously binds to multiple sites on the DNA. In phage lambda, three segments of sequence-specific DNA (R-elements) in the viral genome contribute to DNA-binding of gpNu1, and the segment in the middle is arranged in the opposite direction with respect to the other two (26) . The NMR structure of the dimeric DNA-binding domain of gpNu1 suggested that simultaneous binding of gpNu1 with multiple sites on viral DNA lead to DNA bending or looping (27) . It was reported that binding of the terminase DNA-recognition component G1P of phage SPP1 induced DNA looping, and interestingly, multiple sites for G1P binding are present in the SPP1 genome-packaging initiation region (28) . Taken together, these data suggest that, like other terminase DNA-recognition components, the oligomeric Sf6 gp1 may bind to multiple sites of the viral DNA, which may induce bending or looping of the viral DNA. This change in DNA conformation may be important for preparing a mature form of DNA for cleavage by the terminase catalytic subunit (large subunit) gp2 to create the new DNA terminus, which is to be inserted into the procapsid. It is clear that formation of a ternary prepackaging complex among the two terminase subunits and the viral DNA is a critical step in the initiation phase of viral DNA-packaging, and Sf6 gp1 appears to play a central role in that it directs the assembly of the ternary prepackaging complex through interactions with DNA and gp2.
Implication for Terminase:Portal Assembly. The terminase must dock onto the procapsid through association with the portal to start DNA translocation. Unlike sequence diversity in terminase small subunits, most phage terminase large subunits show conserved ATPase activity and nuclease activity associated with respective domains of the proteins, which is also true in herpesvirus (1, 7) . Previous data suggested molecular interactions between terminase large subunits and portals in bacteriophages lambda (30) , T3 (31) , and T4 (32), and conserved polypeptide segments containing acidic and hydrophobic residues near the C termini of terminase large subunits of these three phages were identified to be potential portal-interacting sites. Direct contact between terminase large subunits and portal was also evident in an in vitro DNA-packaging system for phages T4 consisting of the terminase large subunit and the procapsid (7, 33) and an intermediate resolution electron cryomicroscopic analysis of phi29 procapsid captured in the process of DNA-packaging (9) . On the other hand, it was reported that the C-terminal region of phage lambda terminase small subunit gpNu1 (DNA-recognition component) was responsible for interaction with the terminase large subunit (23) . The present Sf6 gp1 octamer structure shows a channel suited for DNA passage. These data converge to a model for Sf6 terminase:portal assembly, in which coaxial stacking of ring-like oligomers of the two terminase subunits and the portal forms a continuous channel for viral DNA translocation (Fig. 6 ). In this model, the terminase large subunit is sandwiched by the portal and the terminase small subunit. Nevertheless, current data does not rule out an alternative model, in which the terminase small subunit acts as an adapter between the portal and the terminase large subunit (Fig. S6 ). This alternative model may not necessarily be incompatible with previous data suggesting interactions between portals and terminase large subunits, because: (i) the terminase large subunit gp17 in T4 showed a multidomain architecture with extended linker regions among domains (7) which can potentially allow conformational change needed to reach the portal, and (ii) terminase small subunits stimulate the ATPase activity of large subunits, an activity required for DNA-packaging, as shown in phages T4 (34, 35) , SPP1 (36) and lambda (37) , and this stimulation may result from conformational change of large subunits induced by binding of small subunits (38) . A feature of this alternative model is that both terminase subunits participate in molecular interactions with the portal. Further studies are required to unveil the molecular mechanisms for terminase assembly and terminase:portal interactions, and the present structure of gp1 makes Sf6 a convenient model system in this regard.
Materials and Methods
Protein Purification, Crystallization and Data Collection. The Sf6 gp1 gene was cloned from the Sf6 genomic DNA, and the protein was overexpressed in E. coli and purified as described in the SI Text. Crystals of gp1 were grown at 20 ºC by vapor diffusion in hanging drops containing equal volumes of protein solution (10 mg∕mL) and reservoir solution with 100 mM CAPS pH 10.5, 0.2 M Li 2 SO 4 , 1.2 M NaH 2 PO 4 ∕0.8 M K 2 HPO 4 and 5% glycerol. Crystals belonged to the space group P42 1 2 with unit cell dimensions of a ¼ 88.9 Å and c ¼ 72.6 Å. For cryogenic experiments, crystals were soaked in the mother liquor plus 1.0 M Li 2 SO 4 for 30 s, transferred to 2.0 M Li 2 SO 4 and 5% glycerol for 5 min, and frozen in liquid nitrogen. The native x-ray dataset was collected at 100 K at the SSRL Beamline 11-1 on a Mar325 detector and the Se-Met datasets were collected at the SSRL Beamline 7-1 on a CCD detector. The diffraction data were processed with HKL2000 (39). X-ray data processing statistics are summarized in Table S1 .
Structure Determination. The structure of gp1 was determined with the 1.86 Å selenium multiwavelength anomalous dispersion data using the program SOLVE/RESOLVE (40) . Automated model building and refinement was performed with the program PHENIX (41) , and the resolution was extended to 1.65 Å for the native dataset. The final model building was done with the program O (42) and the final refinement of the coordinates was carried out using the program CNS (43) . Refinement statistics are summarized in Table S1 . The final model consists of two molecules of gp1 in the crystallographic asymmetric unit. Fig. 6 . A hypothetical model for coaxial assembly of terminase with portal and procapsid. The Sf6 terminase small subunit gp1 (Gold), the large subunit gp2 (Green), the portal (Purple), and the procapsid (Gray). A fragment of dsDNA is shown underneath to indicate the direction of DNA translocation. The shapes of the portal and the terminase large subunit are schematically shown based on x-ray structures of the phage SPP1 portal (RCSB PDB code 2jes) and the phage T4 gp17 (RCSB PDB code 3cpe).
